Fumonisin B I (FBI) is the predominant member of a family of toxic metabolites produced by several species of Fusarium and is commonly found on com. FBI is a potent competitive inhibitor of ceramide synthase. which catalyzes the conversion of sphinganine and sphingosine to ceramide. The resultant accumulation of free sphingoid bases and the disruption of sphingolipid metabolism is believed to be the mechanism of toxicity of the fumonisins. The objectives of this study were to determine the relative potency of analogs of FBI to inhibit ceramide synthase and to determine whether the inhibition is specific to mycotoxins with fumonisinlike structures. Fumonisins B I • B 1 • B.I , B 4 , C 4 , and TA toxin (a structurally similar mycotoxin produced by the tomato pathogen. Alternaria altemata f. sp. lyeapersiel) were approximately equipotent inhibitors. Hydrolyzed fumonisins B I • B 1 • and B.,. which lack the tricarballylic side chains, were only 30-409c as potent as the parent toxins. N-acetylated FBI (FA I ) did not block ceramide synthase. suggesting that FA I is nontoxic. Inhibition of ceramide synthase by fumonisin analogs did not appear to be related to the Iipophilicity of the compounds, as determined by computer estimation of log P values. The ability of relatively high (10 and 100 fJ M) doses of other mycotoxins that bear no structural similarity to fumonisins, including aflatoxin B 1 , cyclopiazonic acid. beauvericin, T-2 toxin. sterigmatocystin,luteoskyrin. verrucarin A, scirpentriol, and zearalenone, to block ceramide synthase was also determined. All of the toxins tested were negative in the bioassay with the exception of fumonisins. indicating that disruption of sphingolipid metabolism is a specific cytotoxic response. Toxic fungal metabolites. or mycotoxins. are diverse in structure. biological activity' and environmental prevalen<.:e.
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Many mycotoxins are known to cause animal diseases. can also be phytotoxic, and are suspected causative agents of some human illnesses, including cancer (Rheeder et al.. 1992) . Fumonisins, produced by several Fusarium species. are frequent contaminants of com and corn-based feed and food (Nelson et al., 1991; Ross et al.. 1991 : Sydenham et al.. 1991 . Fumonisin B I (FBI)' the most prevalent of several naturally occurring analogs, has been shown to cause the fatal livestock diseases, equine leucoencephalomalacia (Marasas et al.. 1988) , and porcine pulmonary edema (Harrison et al.. 1990) . FB I has been studied in purified form in laboratory rats and mice and shown to cause hepato-and nephrotoxicity (Voss et aI., 1993 (Voss et aI., , 1994 and, in one study, hepatocellular carcinoma (Gelderblom et aI., 1991) . Several reviews on the occurrence, toxicity, and chemistry offumonisins are available (Norred, 1993 : Powell and Plattner. 1995 : Dutton. 1996 . High rates of human esophageal cancer in region~of China. South Africa. and Italy where corn is consumed as a staple are correlated with the presence of fumonisins or fumonisin-producing fungi in corn and corn-based food (Chu and Li. 1994; Sydenham et al., 1990; Logrieco ('t al.. 1995) . Only recently discovered (Gelderblom et al., 1988) . the fumonisins are an important emerging class of mycolOxins that are of great concem to corn producers, commodity groups. and industries and to regulatory agencies responsible for food safety and grain quality. Fumonisin B I was the first agent discovered that inhibits ceramide synthase (sphinganine (Sa) and sphingosine (So) N-acyltransferase). which catalyzes the conversion of Sa (or So) to <.:eramide (Wang et aI., 1991) . The fumonisins are structurally similar to these sphingoid bases, differing mainly by the presen<.:e of tricarballylic acid side chains (Fig. I) , and it was for this reason that fumonisins B I and B~were tested for their ability to alter the conversion of serine into sphingolipids in an in vitro assay (Wang et al., 1991 R1  R2  R3  R4  RS  FB1  H  OH  OH  TCA  TCA  FB2  H  OH  H  TCA  TCA  FB3  H  H  OH  TCA  TCA  FB4  H  H  H  TCA  TCA  FA1  COCH3  OH  OH  TCA  TCA  HFB1  H  OH  OH  H  H  HFB2   ----H   OH  H  H  H  HFB3  H  H  OH  H  H   R1  R2  R3  R4  RS   IFC4   H  H  TCA  TCA  CH2CH3  ITA TOXIN  OH  OH  TCA toxin (TA toxin: Merrill et al.. 1993) and australifungin (Mandala et al.. 1995) . Normally. ceramide is converted to complex sphingolipids. including sphingomyelin and glycosphingolipids (Fig. 2) . The inhibition of ceramide synthase caused by FBI disrupts sphingolipid metabolism. causing elevated levels of free intracellular Sa and So. increased amounts of sphingoid base degradation products such as sphinganine-l-phosphate. depletion of complex sphingolipids. and increased biosynthesis of phosphatidylethanolamine Merrill. 1995: Yoo et al.. 1996) . Other effects of FB I which have been noted and which likely are end results of disrupted sphingolipid metabolism, include inhibition of cell proliferation and increased cell death : Tolleson et al.. 1996 . reduction of the barrier function of endothelial cells thus allowing "leakage" of albumin across membranes (Ramasamy et al.. 1995) . and stimulation of DNA synthesis (Schroeder et al.. 1994) . Other effects which could be related to disruption of sphingolipid metabolism are alteration of signal transduction pathways through repression of protein kinase C and stimulation of cyclic AMP response elements (Huang et al.. 1995) and inhibition of protein serine/threonine phosphatases (Fukuda et al.. 1996) . Thus. whereas the principal subcellular effect of fumonisins appears to be simple, i.e.. inhibition of ceramide synthase, the ramifications of this action for adverse biological consequences may be complex and far reaching. Disruption of sphingolipid metabolism could therefore lead to long-term toxicity and. possibly. carcinogenicity. but not necessarily acute toxicity. Indeed. fumonisins are not particularly acutely toxic either in vivo or in \'itro . Several reviews discussing the role of sphingolipids and the disruption of their metabolism in the toxicity and carcinogenicity of fumonisins are available (Merrill et al.. 1995a ,b. 1996a . A number of structural analogs of FBI have now been discovered (Powell and Plattner. 1995) . and it is known that several of these, including fumonisins B I , B 2 , B 3 and hydrolyzed FB I (Fig. 1) . share the ability to inhibit ceramide synthase (Wang et al.. 1991; Merrill et al.. 1993) . The purpose of the present study was twofold. First, we wanted to determine the relative capability of structural analogs of fumonisin B I to induce elevated levels of free sphinganine when incubated with precision-cut rat liver slices, a bioassay system which we previously reported to be a sensitive indicator of FBI activity . Second, we wanted to determine whether the inhibition of ceramide synthase is specific to fumonisins or fumonisin-like compounds or whether elevated sphinganine levels could be a generalized response of cells to toxic insult by other, structurally unrelated toxins.
MATERIALS AND METHODS
Rats and li~'er slices. Tissues were obtained from healthy male. unfasted Sprague-Dawley rats (200-300 g; Harlan Industries. Indianapolis, IN) maintained in stainless-steel cages mounted in racks equipped with automatic drinking water and excreta flushing in temperature-and humiditycontrolled animal rooms. Feed (RMH 3000 certified. Agway. Waverly. NY) was analyzed as previously described to ensure fumonisin content was below 0.5 ppm (Chamberlain eT of.. 1993) . Individual rats were killed during the morning hours (6:30-7:30 AM) by inhalation of carbon dioxide. and the liver was quickly removed and placed in ice-cold Sack's buffer (5.5 mM KH~PO •• 14.3 mM NaHCO,. lOA mM K~HPO.·3H~O, 6 mM KHCO,. 206 mM mannitol. and 3.7 mM MgCI~' 6H~O). Cores of liver (8 mm diameter) were cut with minimum pressure using a stainless-steel borer filled on a specially designed drill press (Alabama Research and Development. Mumford. All. The cores were placed in ice-cold Sack's buffer and transferred one at a time to a Krumdieck tissue slicer (Alabama Research and Development). Slices (250 pm) were cut according to the manufacturer's instructions. The slices were transferred to Teflon/titanium mesh rollers (Vitron. Inc.. Tucson. AZ: two slices/roller). and then the rollers were placed in 20-ml glass scintillation vials and incubated in Waymouth's medium (Gibco. Grand Island. NY) with various doses of test agents dissolved in 10 pi of solvent (distilled water or dimethyl sulfoxide) for' 48 hr as previously described . except that the final volume of 
FIG. 2. Pathway of sphingolipid biosynthesis and catabolism.
DIHYDROCERAMIDE medium in the incubation vials was 1.7 ml instead of 2.0 ml. Control slices were treated with solvent only. For cytotoxicity assays, positive control slices were dosed with 10 JlI of Triton X-IOO surfactant (Sigma Chemical Co.. St. Louis. MO).
Toxins and reagents. Fumonisins B,. B 2 , B). B., A,. C•• HFB,. HFB 2 • and HFB) were isolated from cultures of Fusarium monilifonne or F. proliferarum grown on either com or rice or in liquid medium and purified by previously described methods (Plattner et al.. 1992; Branham and Plattner, 1993; Meredith et al.. 1996a.b; Poling and Plattner. 1996) . TA toxin was a generous gift of Dr. W. F. O. Marasas (Medical Research Council, Tygerberg. South Africa). All the fumonisin analogs and the TA toxin were judged to be >95% pure. as determined by high-performance liquid chromatography-mass spectrometry (HPLC-MS). For each of the analogs, there was no evidence of the presence of any other fumonisin analog. also determined by HPLC-MS. Aflatoxin B,. cyclopiazonic acid, beauvericin, T-2 toxin, sterigmatocystin. verrucarin A.luteoskyrin. scirpentriol. and zearalenone were purchased (Sigma Chemical Co.). o-erythro-Dihydrosphingosine (sphinganine) (a gift of A. H. Merrill. Jr., Emory University) was complexed in water with an equimolar concentration of fatty acid-free bovine serum albumin (Sigma Chemical Co.). Other chemicals were reagent grade or better and were commercially available.
Sphingoid base analysis. Content of free sphinganine and sphingosine in the slices was determined by a high-performance liquid chromatography procedure as previously described .
Cytotoxicity assay. The ability of liver slices to conven MIT (3-[4.5-dimethylthiazol-2-ylj-2.5-diphenYlietrazoliumbromide) to purple formazan crystals by mitochondrial dehydrogenase was determined by a modification of the procedure described by Mosmann (1983) . After the incubation period, one of the two slices from each vial was removed, rinsed with Dulbecco's phosphate-buffered saline (PBS, Gibco, Grand Island, NY). and transferred to a well of an 8-well tissue culture Multiplate (LUX, Nunc, Inc., Naperville, IL) containing I ml of fresh PBS. Fifty microliters of MIT solution (5 mg! ml of PBS) was added to each well, and the plates were incubated at 37· for 2 hr. We determined experimentally that under these conditions, MIT would penetrate slices up to 500 f.Lm thick within 2 hr. After incubation, PBS was aspirated from the wells. leaving the slices behind, and I ml of isopropanol was added to each well. The plates were placed on a gyrorotary shaker for 30 min to extract the formazan crystals from the slices. Intensity of the purple color was measured spectrophotometrically at 570 nm against an isopropanol blank. Repeated isopropanol extraction of the slices resulted in only negligible (less that 5%) increase in recovery.
Protein determination, After extraction of the liver slices used for the MIT assay with isopropanol, the slices were solubilized in 0.2 N NaOH and protein content was determined (Lowry et al.. 1951) .
n-Octanol:water partition coefficient. The 10glO of the octanol:water panition coefficient (log P) of fumonisin B, was experimentally determined. Equal volumes (0.75 mJ) of n-octanol and a solution ofFB, in water (0.122 mg!ml) were placed in a 2-ml plastic tube and shaken overnight at room temperature. The liquid phases were separated by centrifugation (8000g for 10 min), and the octanol layer was collected by pipette. An aliquot (0.1 ml) of the octanol layer was dried under nitrogen, and the residue was dissolved in acetonitrile:water (1:1). Fumonisin B, was quantitated by high-performance liquid chromatography as described by Ross et al. (1991) . Estimates of log P for FB Io FA Io FB., and HFB, were determined using a computer modeling program (Program ClogP, BioByte Corp.. Claremont, CAl.
Statistical analyses. Three replicate experiments were conducted for each toxin and dose tested, and the results were analyzed by analysis of variance procedures using a commercially available computer program (SigmaS tal. Jandel Scientific. San Rafael. CAl. An experiment was defined as the mean of triplicate determinations with liver slices obtained from one rat. Thus for each parameter measured. the n for statistical analysis was 3. Availability of some of the analogs precluded more experimental replications. When significant differences were detected. Dunnett's method was used to identify values that were significantly different from control values.
with a significance level of p < 0.05.
RESULTS
Effects offumonisin analogs onfree sphingoidbases. Concentration of free So was not altered by exposure of slices to any of the agents tested in this study (data not shown). Significant elevations in the content of free Sa and the Sa:So ratio were produced in liver slices after incubation of the slices for 20 hr with 0.5 or 5.0 pM concentrations of all the analogs tested. except fumonisin A I (Table 1) Toxicity and effects on sphingoid bases of selected mycotoxins. The ability of several structurally unrelated toxins and sphinganine to elevate. sphingoid bases was tested at two dose levels. 10 and 100 pM. by incubation with liver slices for 20 hr. Of the compounds tested. only fumonisin B) and sphinganine (D-eT)'thro-dihydrosphingosine). itself. significantly elevated Sa:So (Fig. 3) . A number of the mycotoxins used were cytotoxic at these doses. as measured by the ability of the test compounds to reduce the conversion of MIT to the purple dye. formazan (Table 2 ). The cytotoxic compounds included aflatoxin B I • T-2 toxin. sterigmatocystin. verrucarin A, and scirpentriol. Cyclopiazonic acid. beauvericin. Sa. FBI. luteoskyrin. and zearalenone were not toxic by the MIT conversion assay at the dose levels used.
n-Octanol:water partition coefficients. The experimentally determined log P for fumonisin B I • -1.84. compared favorably with the computer generated predicted value of -1.534. The calculated log P values for the other analogs were FA) = 0.627; FB 4 = 2.880; HFB, = 0.610.
DISCUSSION
It has been proposed that the fumonisins exert their toxic effects through the disruption of sphingolipid metabolism because of their inhibition of ceramide synthase (sphinganine and sphingosine N-acyltransferases) Merrill et al.. 1995b) . The result of fumonisin exposure in all animals. plants, and eukaryotic cells tested thus far is the accumulation of free sphingoid bases. especially Sa. and the depletion of complex sphingolipids. such as sphingomyelin and glycosphingolipids.
Since free sphinganine is normally present in cells in very low (picomoles/gram tissue) concentrations (Merrill et al.. 1986; Riley et al.. 1993) and since fumonisin causes much larger accumulation of Sa than So. the elevation of the ratio, Sa:So. has been suggested as a biomarker for fumonisin exposure and contamination (Riley et al.. 1993 (Riley et al.. , 1994 , and a United States patent has been approved for such use (Merrill et aI., 1996c) . The results of the present study support the use of the ratio as a more sensitive indicator of fumonisin exposure, since the low dose (0.05 f-LM) of several of the analogs tested significantly elevated the Sa:So ratio, but not the concentration of free Sa. Furthermore, the experimental variability as measured by standard deviation was less for Sa:So values than for sphinganine values (Table 1) , an observation in agreement with that reported by Riley et al. (1994) . As previously reported for hepatocytes (Wang et al., 1991) . levels of free sphingosine in liver slices were not significantly elevated by fumonisin treatment. Thus the elevation in Sa:So ratio was the parameter we used to evaluate the ability of the various mycotoxins we tested for ability to disrupt sphingolipid biosynthesis. We have developed a bioassay system based on the use of precision-cut tissue slices to determine the ability of fumonisin B, or extracts of fumonisin-containing corn to elevate Sa:So. The method was found to be relatively quick and highly sensitive (Norred et aI., 1996) . In the present studies, we used the bioass.ay to evaluate the relative ability of analogs of fumonisin B, to inhibit ceramide synthase in order to provide information about structure-activity relationships of fumonisins and thus provide a basis for predieting relative toxicity of the analogs. Furthermore, since the bioassay may be a useful method for detecting fumonisins in corn or corn-based products or for evaluating potential detoxification methods, it was important to establish that the elevation in sphingoid bases is due to ability of a compound to inhibit ceramide synthase and that it is not a nonspecific response to compounds that produce toxicity by other mechanisms. Therefore. other mycotoxins bearing no structural similarity to FB, were tested at relatively high doses (10 and 100 f-LM) for their ability to block ceramide synthase.
, -----------------------------
The results of this study demonstrate that a number of structural analogs of fumonisin B 1 have similar abilities to elevate Sa and the Sa:So ratio. The results also suggest that base hydrolysis to remove the tricarballylic side chains reduces the biological activity and acetylation of the amino group eliminates the activity. This is consistent with the hypothesis that fumonisin interacts with both the binding site for sphinganine and the site for the fatty acyl-CoAs of ceramide synthase (Merrill et aI., I966b) . Incubation of liver slices with sphinganine (D-erythro-dihydroceramide) itself also resulted in elevated levels of free sphinganine in the cells, probably as a result of uptake of the sphinganine from the surrounding medium. The most potent inhibitor of cera-" Values are means::: SD of three replicate experiments.
• Significantly different (p < 0.05) from DMSO-treated control slices. (Table 1) . TA toxin has a number of structural differences from that of FB,. most notably a shorter hydrocarbon chain backbone than fumonisin. positioning of the amino group at C I instead of C2. and the absence of one of the TCA groups (Fig. 3) . Under the conditions of our study. we were not able to differentiate between the potency of fumonisins B,. B> B,. or C 4 to elevate the Sa:So ratio. It is possible that by replicating the experiments many more times. statistical differences in the potencies of these analogs would be manifested. However. the important consideration is that these fumonisins all cause very large increases in free Sa relative to that found in control slices and therefore would be expected to be equipotent in toxicity assuming they are absorbed and distributed in similar manners. Indeed, Cawood et al. (1994) found that the lowest levels of FB I and FBt hat bound to hepatocytes and elicited cytotoxicity were similar for the two analogs. anc;i .therefore the effective dose levels were not different. The reduced ability of hydrolyzed fumonisins to block ceramide synthase. and the different potencies of the other analogs relative to each other. could be related to different degrees of membrane permeability and thereby differences in accessibility of the toxins to ceramide synthase sites within the liver cells. Lipid solubility per se does not appear to correlate with the ability of the various fumonisins to inhibit ceramide synthase. The log P value of FB I which we determined experimentally compared favorably with the computer-generated value and reflected the high degree of water solubility of this zwitterionic toxin. Hydrolyzed FB" which had a calculated log P of 0.61. indicating approximately 100-fold greater lipophilicity than FB, , was actually less than half as effective as FB, in inhibition of ceramide formation. Fumonisin B 4 • which has two less hydroxyl groups that FBI and a calculated log P of 2.880. had about the same ceramide synthase inhibition activity as FB,.
Since fumonisins are competitive inhibitors of the synthase enzyme (Merrill et al.. 1996b) , the analogs may have different dissociation constants. That the acetylated FA! was unable to block ceramide synthase at all indicates that the amino group is essential for the biological activity offumonisins, as suggested by Merrill et al. (1995b) . Gelderblom et al. (1993) found that fumonisins B, and B~were cytotoxic (at high doses of 1-2 mM) to rat liver hepatocytes and also produced positive responses in a short-term carcinogenesis bioassay in rats. The acetylated forms, FA! and FA~. were neither as cytotoxic nor were they positive in the carcinogenesis bioassay, thus lending further support to the conclusion that the amino group is necessary for toxicity. It should be noted here that in our study, initial bioassay of FA! produced a positive response; i.e., Sa content of slices and Sa:So were elevated. Mass spectrometric analysis indicated that the sample contained a small amount of FB, and possibly other fumonisins (Poling and Plattner, unpublished observation) . Additional cleanup procedures were required to remove these contaminants (Poling and Plattner, 1996) , after which the material was negative in the bioassay. Thus, caution should be taken if future toxicity studies are undertaken with FA 1 to ensure that all contaminating fumonisins are removed. Further studies are needed to more fully define those parameters that determine structure-activity relationships of this family of mycotoxins.
Nixtamalization is the process by which corn is converted to masa, used in the preparation of tortillas and other foods. The process involves soaking corn in heated base (calcium hydroxide) solution and has been shown to convert fumonisins in the corn to TeA-hydrolyzed by-products (Hendrich et al.. 1993) . Two studies have reported that rats fed nixtamalized corn that was cultured with either F. moniliforme or F. proliferatum had less severe signs of toxicity, including nephrosis and hepatosis, than did rats fed the same cultured corn which was not nixtamalized (Hendrich et aI., 1993; Voss et al.. 1996) . The results of our study with hydrolyzed fumonisins suggest a reduction, but not elimination of the biological activity of fumonisins. and thus are consistent with the in vivo investigations that have been reported. Of interest in this regard is the recent finding in our laboratory that a positive correlation existed between the degree of elevation of tissue Sa and Sa:So and severity of toxic effects (as measured by reduced body weight gains, elevated serum chemistry values, kidney to brain or liver to brain weight ratios. and extent of microscopic lesions in liver and kidney) observed in rats fed diets containing F. moniliforme culture material (CM). nixtamalized CM. water extracted CM, or fumonisin-free seed corn (K. A. Voss. personal communication) .
Mycotoxins that are structurally dissimilar to fumonisins did not inhibit ceramide synthase, even at doses that caused overt toxicity (Fig. 2. Table 2 ). This finding provides evidence that the disruption of sphingolipid metabolism by inhibition of ceramide synthase is specific to fumonisins, and structurally related compounds such as TA toxin. However, at least one fungal metabolite with little structural resemblance to fumonisins. australifungin. has been reported to be an inhibitor. ..{Mandala et al.. 1995) , and it is conceivable that there are other. as yet undiscovered, agents that disrupt sphingolipid metabolism by this mechanism. We are currently using the liver slice bioassay system to screen a variety of fungal cultures for ceramide synthase inhibition activity.
In summary, the results of this investigation suggest that the naturally occurring fumonisins (B" B 1 , B), B4 , C 4 ,) and T A toxin are approximately equipotent in their ability to disrupt sphingolipid metabolism and would be expected to have similar degrees of toxicity if they also share similar toxicokinetic properties. Removal of the tricarballylic acid groups. as occurs by processing procedures such as nixtamalization. reduces but does not eliminate the biological activity, and apparently, as shown in other studies. the toxicity as well. The results also demonstrate that the primary amino group of fumonisin-like compounds is necessary for ceramide synthase inhibition, since acetylation of FB) to FA) completely inhibited the response. Finally, the results demonstrate that the action of fumonisins and similar compounds on ceramide synthase is specific and is not a generalized response of cells to cytotoxic compounds such as aflatoxin. trichothecenes and other mycotoxins.
